Observation of eta(c) (1S) and eta(c) (2S) decays to K(+)K(-) pi(+) pi(-) pi(0) in two-photon interactions by del Amo Sanchez, P. et al.
VU Research Portal
Observation of eta(c) (1S) and eta(c) (2S) decays to K(+)K(-) pi(+) pi(-) pi(0) in two-
photon interactions




DOI (link to publisher)
10.1103/PhysRevD.84.012004
document version
Publisher's PDF, also known as Version of record
Link to publication in VU Research Portal
citation for published version (APA)
del Amo Sanchez, P., Lees, J. P., Raven, H. G., Snoek, H., & BaBar, C. (2011). Observation of eta(c) (1S) and
eta(c) (2S) decays to K(+)K(-) pi(+) pi(-) pi(0) in two-photon interactions. Physical Review D, 84(1), 012004.
https://doi.org/10.1103/PhysRevD.84.012004
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl
Download date: 27. May. 2021
Observation of cð1SÞ and cð2SÞ decays to KþKþ0 in two-photon interactions
P. del Amo Sanchez ,1 J. P. Lees,1 V. Poireau,1 E. Prencipe,1 V. Tisserand,1 J. Garra Tico,2 E. Grauges,2 M. Martinelli,3a,3b
A. Palano,3a,3b M. Pappagallo,3a,3b G. Eigen,4 B. Stugu,4 L. Sun,4 M. Battaglia,5 D.N. Brown,5 B. Hooberman,5
L. T. Kerth,5 Yu. G. Kolomensky,5 G. Lynch,5 I. L. Osipenkov,5 T. Tanabe,5 C.M. Hawkes,6 A. T. Watson,6 H. Koch,7
T. Schroeder,7 D. J. Asgeirsson,8 C. Hearty,8 T. S. Mattison,8 J. A. McKenna,8 A. Khan,9 A. Randle-Conde,9 V. E. Blinov,10
A. R. Buzykaev,10 V. P. Druzhinin,10 V. B. Golubev,10 A. P. Onuchin,10 S. I. Serednyakov,10 Yu. I. Skovpen,10
E. P. Solodov,10 K.Yu. Todyshev,10 A.N. Yushkov,10 M. Bondioli,11 S. Curry,11 D. Kirkby,11 A. J. Lankford,11
M. Mandelkern,11 E. C. Martin,11 D. P. Stoker,11 H. Atmacan,12 J.W. Gary,12 F. Liu,12 O. Long,12 G.M. Vitug,12
C. Campagnari,13 T.M. Hong,13 D. Kovalskyi,13 J. D. Richman,13 C. West,13 A.M. Eisner,14 C. A. Heusch,14
J. Kroseberg,14 W. S. Lockman,14 A. J. Martinez,14 T. Schalk,14 B.A. Schumm,14 A. Seiden,14 L. O. Winstrom,14
C. H. Cheng,15 D.A. Doll,15 B. Echenard,15 D.G. Hitlin,15 P. Ongmongkolkul,15 F. C. Porter,15 A.Y. Rakitin,15
R. Andreassen,16 M. S. Dubrovin,16 G. Mancinelli,16 B. T. Meadows,16 M.D. Sokoloff,16 P. C. Bloom,17 W. T. Ford,17
A. Gaz,17 M. Nagel,17 U. Nauenberg,17 J. G. Smith,17 S. R. Wagner,17 R. Ayad,18,* W.H. Toki,18 H. Jasper,19
T.M. Karbach,19 J. Merkel,19 A. Petzold,19 B. Spaan,19 K. Wacker,19 M. J. Kobel,20 K. R. Schubert,20 R. Schwierz,20
D. Bernard,21 M. Verderi,21 P. J. Clark,22 S. Playfer,22 J. E. Watson,22 M. Andreotti,23a,23b D. Bettoni,23a C. Bozzi,23a
R. Calabrese,23a,23b A. Cecchi,23a,23b G. Cibinetto,23a,23b E. Fioravanti,23a,23b P. Franchini,23a,23b E. Luppi,23a,23b
M. Munerato,23a,23b M. Negrini,23a,23b A. Petrella,23a,23b L. Piemontese,23a R. Baldini-Ferroli,24 A. Calcaterra,24
R. de Sangro,24 G. Finocchiaro,24 M. Nicolaci,24 S. Pacetti,24 P. Patteri,24 I.M. Peruzzi,24,† M. Piccolo,24 M. Rama,24
A. Zallo,24 R. Contri,25a,25b E. Guido,25a,25b M. Lo Vetere,25a,25b M. R. Monge,25a,25b S. Passaggio,25a C. Patrignani,25a,25b
E. Robutti,25a S. Tosi,25a,25b B. Bhuyan,26 V. Prasad,26 C. L. Lee,27 M. Morii,27 A. Adametz,28 J. Marks,28 U. Uwer,28
F. U. Bernlochner,29 M. Ebert,29 H.M. Lacker,29 T. Lueck,29 A. Volk,29 P. D. Dauncey,30 M. Tibbetts,30 P. K. Behera,31
U. Mallik,31 C. Chen,32 J. Cochran,32 H. B. Crawley,32 L. Dong,32 W. T. Meyer,32 S. Prell,32 E. I. Rosenberg,32
A. E. Rubin,32 A.V. Gritsan,33 Z. J. Guo,33 N. Arnaud,34 M. Davier,34 D. Derkach,34 J. Firmino da Costa,34 G. Grosdidier,34
F. Le Diberder,34 A.M. Lutz,34 B. Malaescu,34 A. Perez,34 P. Roudeau,34 M.H. Schune,34 J. Serrano,34 V. Sordini,34,‡
A. Stocchi,34 L. Wang,34 G. Wormser,34 D. J. Lange,35 D.M. Wright,35 I. Bingham,36 C.A. Chavez,36 J. P. Coleman,36
J. R. Fry,36 E. Gabathuler,36 R. Gamet,36 D. E. Hutchcroft,36 D. J. Payne,36 C. Touramanis,36 A. J. Bevan,37
F. Di Lodovico,37 R. Sacco,37 M. Sigamani,37 G. Cowan,38 S. Paramesvaran,38 A. C. Wren,38 D.N. Brown,39 C. L. Davis,39
A.G. Denig,40 M. Fritsch,40 W. Gradl,40 A. Hafner,40 K. E. Alwyn,41 D. Bailey,41 R. J. Barlow,41 G. Jackson,41
G. D. Lafferty,41 J. Anderson,42 R. Cenci,42 A. Jawahery,42 D. A. Roberts,42 G. Simi,42 J.M. Tuggle,42 C. Dallapiccola,43
E. Salvati,43 R. Cowan,44 D. Dujmic,44 G. Sciolla,44 M. Zhao,44 D. Lindemann,45 P.M. Patel,45 S. H. Robertson,45
M. Schram,45 P. Biassoni,46a,46b A. Lazzaro,46a,46b V. Lombardo,46a F. Palombo,46a,46b S. Stracka,46a,46b L. Cremaldi,47
R. Godang,47,x R. Kroeger,47 P. Sonnek,47 D. J. Summers,47 X. Nguyen,48 M. Simard,48 P. Taras,48 G. De Nardo,49a,49b
D. Monorchio,49a,49b G. Onorato,49a,49b C. Sciacca,49a,49b G. Raven,50 H. L. Snoek,50 C. P. Jessop,51 K. J. Knoepfel,51
J.M. LoSecco,51 W. F. Wang,51 L. A. Corwin,52 K. Honscheid,52 R. Kass,52 J. P. Morris,52 N. L. Blount,53 J. Brau,53
R. Frey,53 O. Igonkina,53 J. A. Kolb,53 R. Rahmat,53 N. B. Sinev,53 D. Strom,53 J. Strube,53 E. Torrence,53 G. Castelli,54a,54b
E. Feltresi,54a,54b N. Gagliardi,54a,54b M. Margoni,54a,54b M. Morandin,54a M. Posocco,54a M. Rotondo,54a
F. Simonetto,54a,54b R. Stroili,54a,54b E. Ben-Haim,55 G. R. Bonneaud,55 H. Briand,55 G. Calderini,55 J. Chauveau,55
O. Hamon,55 Ph. Leruste,55 G. Marchiori,55 J. Ocariz,55 J. Prendki,55 S. Sitt,55 M. Biasini,56a,56b E. Manoni,56a,56b
A. Rossi,56a,56b C. Angelini,57a,57b G. Batignani,57a,57b S. Bettarini,57a,57b M. Carpinelli,57a,57b,k G. Casarosa,57a,57b
A. Cervelli,57a,57b F. Forti,57a,57b M.A. Giorgi,57a,57b A. Lusiani,57a,57c N. Neri,57a,57b E. Paoloni,57a,57b G. Rizzo,57a,57b
J. J. Walsh,57a D. Lopes Pegna,58 C. Lu,58 J. Olsen,58 A. J. S. Smith,58 A.V. Telnov,58 F. Anulli,59a E. Baracchini,59a,59b
G. Cavoto,59a R. Faccini,59a,59b F. Ferrarotto,59a F. Ferroni,59a,59b M. Gaspero,59a,59b L. Li Gioi,59a M.A. Mazzoni,59a
G. Piredda,59a F. Renga,59a,59b T. Hartmann,60 T. Leddig,60 H. Schröder,60 R. Waldi,60 T. Adye,61 B. Franek,61
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49bDipartimento di Scienze Fisiche, Universitá di Napoli Federico II, I-80126 Napoli, Italy
50NIKHEF, National Institute for Nuclear Physics and High Energy Physics, NL-1009 DB Amsterdam, The Netherlands
51University of Notre Dame, Notre Dame, Indiana 46556, USA
52Ohio State University, Columbus, Ohio 43210, USA
53University of Oregon, Eugene, Oregon 97403, USA
54aINFN Sezione di Padova, I-35131 Padova, Italy
54bDipartimento di Fisica, Universitá di Padova, I-35131 Padova, Italy
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We study the processes  ! K0SK and  ! KþKþ0 using a data sample of 519:2fb1
recorded by the BABAR detector at the PEP-II asymmetric-energy eþe collider at center-of-mass
energies near the ðnSÞ (n ¼ 2, 3, 4) resonances. We observe the cð1SÞ, c0ð1PÞ and cð2SÞ resonances
produced in two-photon interactions and decaying to KþKþ0, with significances of 18.1, 5.4 and
5.3 standard deviations (including systematic errors), respectively, and report 4:0 evidence of the
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c2ð1PÞ decay to this final state. We measure the cð2SÞ mass and width in K0SK decays, and obtain
the valuesmðcð2SÞÞ ¼ 3638:5 1:5 0:8 MeV=c2 and ðcð2SÞÞ ¼ 13:4 4:6 3:2 MeV, where the
first uncertainty is statistical and the second is systematic. We measure the two-photon width times
branching fraction for the reported resonance signals, and search for the c2ð2PÞ resonance, but no
significant signal is observed.
DOI: 10.1103/PhysRevD.84.012004 PACS numbers: 13.25.Gv, 14.40.Pq
The first radial excitation cð2SÞ of the cð1SÞ charmo-
nium ground state was observed at B-factories [1–4]. The
only observed exclusive decay of this state to date is to
K K [5]. Decays to p p and hþhh0þh0, with hð0Þ ¼ K,
, have been observed for the cð1SÞ [5], but not for the
cð2SÞ [6,7]. Precise determination of the cð2SÞ mass
may discriminate among models that predict the
c ð2SÞ-cð2SÞ mass splitting [8].
After the discovery of the Xð3872Þ state [9] and its
confirmation by different experiments [10], charmonium
spectroscopy above the open-charm threshold received
renewed attention. Many new states have been established
to date [11–13]. The Zð3930Þ resonance was discovered by
Belle in the  ! D D process [12] and subsequently
confirmed by BABAR [13]. Its interpretation as the
c2ð2PÞ, the first radial excitation of the 3P2 charmonium
ground state, is commonly accepted [5].
In this paper we study charmonium resonances produced
in the two-photon process eþe ! eþe ! feþe,
where f denotes the K0SK
 or KþKþ0 final
state. Two-photon events where the interacting photons
are not quasi-real are strongly suppressed by the selection
criteria described below. This implies that the allowed JPC
values of the initial state are 0þ; 2þ; 4þ; . . . ;
3þþ; 5þþ; . . . [14]. Angular momentum conservation, par-
ity conservation, and charge conjugation invariance then
imply that these quantum numbers apply to the final
states f also, except that the K0SK
 state cannot have
JP ¼ 0þ.
The results presented here are based on data collected
with the BABAR detector at the PEP-II asymmetric-energy
eþe collider, corresponding to an integrated luminosity
of 519:2 fb1, recorded at center-of-mass (CM) energies
near the ðnSÞ (n ¼ 2, 3, 4) resonances.
The BABAR detector is described in detail elsewhere
[15]. Charged-particles resulting from the interaction are
detected, and their momenta are measured, by a combina-
tion of five layers of double-sided silicon microstrip de-
tectors and a 40-layer drift chamber. Both systems operate
in the 1.5 T magnetic field of a superconducting solenoid.
Photons and electrons are identified in a CsI(Tl) crystal
electromagnetic calorimeter. Charged-particle identifica-
tion (PID) is provided by the specific energy loss
(dE=dx) in the tracking devices, and by an internally
reflecting, ring-imaging Cherenkov detector. Samples of
Monte Carlo (MC) simulated events [16], which are more
than 10 times larger than the corresponding data samples,
are used to study signals and backgrounds. Two-photon
events are generated using the GamGam generator [13].
Neutral pions and kaons are reconstructed through the
decays 0 !  and K0S ! þ. Photons from 0 de-
cays are required to have laboratory energy larger than
30 MeV. We require the invariant mass of a 0 (K0S) candi-
date to be in the range ½100–160 ð½470–520Þ MeV=c2.
Neutral pions reconstructed with these criteria are used to
veto events with multiple 0 mesons, as described below.
For theKþKþ0 mode,we refine the selection of the
0 by requiring the laboratory energy of the lower-energy
photon from the signal 0 decay to be larger than 50 MeV.
Furthermore, we require j cosH 0 j< 0:95, whereH 0 is
the angle between the signal 0 flight direction in the
laboratory frame and the direction of one of its daughters
in the 0 rest frame. These requirements are optimized by
maximizingS=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ Bp , whereS is the number ofMC signal
events with a well-reconstructed 0, and B is the combina-
torial background in the signal region. Primary charged-
particle tracks are required to satisfy PID requirements
consistentwith a kaon or pion hypothesis.A candidate event
is constructed by fitting the 0 (K0S) candidate and four
(two) charged-particle tracks of zero net charge coming
from the interaction region to a common vertex. In this fit
the 0 and K0S masses are constrained to their nominal
values [5]. We require the vertex fit probability of the
charmonium candidate to be larger than 0.1%. The outgoing
e are not detected.
Background arises mainly from random combinations of
particles from eþe annihilation, other two-photon colli-
sions, and initial state radiation (ISR) processes. To sup-
press these backgrounds, we require that each event have
exactly four charged-particle tracks. The candidate event is
rejected if the number of additional reconstructed photons
is larger than 6 (5) for KþKþ0 (K0SK
).
Similarly, the event is rejected if the number of addi-
tional reconstructed 0’s is larger than 1 (3) for a
KþKþ0 (K0SK
) candidate event. We discrimi-
nate against ISR background by requiring M2miss ¼ðpeþe  precÞ2 > 2ðGeV=c2Þ2, where peþe (prec) is the
four momentum of the initial state (reconstructed final
state). The effect of this requirement on the signal effi-
ciency is studied using a KþKþ control sample that
contains large cð1SÞ, J=c , and c0;2ð1PÞ signals. Two-
photon events are expected to have low transverse momen-
tum (pT) with respect to the collision axis. In Fig. 1, we
show the pT distribution for selected candidates with the
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above requirements. The distribution is fitted with the
signal pT shape obtained from MC simulation plus a
combinatorial background component, modeled using a
sixth-order polynomial function. We require pT <
0:15 GeV=c.
The average number of surviving candidates per selected
event is 1.003 (1.09) for the K0SK
 (KþKþ0)
final state. Candidates that are rejected by a possible best-
candidate selection do not lead to any peaking structures in
the mass spectra, and so no best-candidate selection is
performed. The K0SK
þ and KþKþ0 mass spec-
tra are shown in Fig. 2. We observe prominent peaks at the
position of the cð1SÞ resonance. We also observe signals
at the positions of the J=c , c0ð1PÞ, c2ð1PÞ, and cð2SÞ
states.
The resonance signal yields and the mass and width of
the cð1SÞ and cð2SÞ are extracted using a binned, ex-
tended maximum likelihood fit to the invariant mass dis-
tributions. The bin width is 4 MeV=c2. In the likelihood
function, several components are present: cð1SÞ, c0ð1PÞ,
c2ð1PÞ, and cð2SÞ signal, combinatorial background,
and J=c ISR background. The c0ð1PÞ component is not
present in the fit to the K0SK
 invariant mass spectrum,
since JP ¼ 0þ is forbidden for this final state.
We parametrize each signal PDF as a convolution of a
nonrelativistic Breit-Wigner and the detector resolution
function. The J=c ISR background is parametrized with
a Gaussian shape, and the combinatorial background PDF
is a fourth-order polynomial. The free parameters of the fit
are the yields of the resonances and the background, the
peak masses and widths of the cð1SÞ and cð2SÞ signals,
the width of the Gaussian describing the J=c ISR back-
ground, and the background shape parameters. The mass
and width of the c0;2ð1PÞ states (and the mass of the J=c
in the K0SK
 channel), are fixed to their nominal values
[5]. For the KþKþ0 channel, the cð2SÞ width is
fixed to the value found in the K0SK
 channel.
We define a MC event as ‘‘MC-Truth’’ (MCT) if the
reconstructed decay chain matches the generated one. We
use MCT signal and MCT ISR-background events to de-
termine the detectormass resolution function. This function
is described by the sum of a Gaussian plus power-law tails
[17]. The width of the resolution function at half-maximum
for the cð1SÞ is 8:1ð11:8Þ MeV=c2 in the K0SK
(KþKþ0) decay mode. For the cð2SÞ decay it is
10:6ð13:1Þ MeV=c2 in the K0SK (KþKþ0) de-
cay mode. The parameter values for the resolution func-
tions are fixed to their MC values in the fit.
Fit results are reported in Table I and shown in Fig. 2. We
correct the fitted cð1SÞ yields by subtracting the number
of peaking-background events originating from the J=c
decay, estimated below. The statistical significances of the
signal yields are computed from the ratio of the number of
observed events to the sum in quadrature of the statistical






























































FIG. 2 (color online). Fit to (a) the K0SK
 and (c) the
KþKþ0 mass spectrum. The solid curves represent the
total fit functions and the dashed curves show the combinatorial
background contributions. The background-subtracted distribu-







































FIG. 1 (color online). The pT distributions for selected (a)
K0SK
 and (b) KþKþ0 candidates (data points).
The solid histogram represent the result of a fit to the sum of
the simulated signal (dashed) and background (dotted) contribu-
tions.
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1.07 (1.03), where ndf is the number of degrees of
freedom, which is 361 (360) for the fit to K0SK

(KþKþ0).
To search for the c2ð2PÞ, we add to the fit described
above a signal component with the mass and width fixed to
the values reported in Ref. [13]. No significant changes are
observed in the fit results.
Several processes, including ISR, continuum eþe
annihilation, and two-photon events with a final state
different from the one studied, may produce irreducible-
peaking-background events, containing real cð1SÞ,
cð2SÞ, c0ð1PÞ or c2ð1PÞ. Well-reconstructed signal
and J=c ISR background are expected to peak at
pT  0 MeV=c. Final states with similar masses are ex-
pected to have similar pT distributions. Non-ISR back-
ground events mainly originate from events with a
number of particles in the final state larger than the one
in signal events. Such extra particles are lost in the recon-
struction. Thus, non-ISR background events are expected
to have a nearly flat pT distribution, as observed in MC
simulation. To estimate the number of such events, we fit
the invariant mass distribution in intervals of pT , thus
obtaining the signal yield for each resonance as a function
of pT . The signal yield distribution is then fitted using the
signal pT shape from MCT events plus a flat background.
The yield of peaking-background events originating from
c radiative decays (c ¼ J=c , c ð2SÞ) is estimated using
the number of c events fitted in data, and the knowledge of
branching fractions [5] and MC reconstruction efficiencies
for the different decays involved. The number of peaking-
background events for each resonance is reported in
Table I. The value of Bðc0;2 ! KþKþ0Þ, which
is needed to estimate the number of peaking-background
events from c ð2SÞ ! c0;2ð1PÞ decays, is obtained using
the results reported in this paper and the world-average
values of ðc0;2Þ [5]. We obtain Bðc0ð1PÞ !
KþKþ0Þ ¼ ð1:14 0:27Þ%, and Bðc2ð1PÞ !
KþKþ0Þ ¼ ð1:30 0:36Þ%, where statistical and
systematic errors have been summed in quadrature. The
value of Bðc2ð1PÞ ! KþKþ0Þ is in agreement
with a preliminary result reported by CLEO [19]. The
number of peaking background events from c ð2SÞ radia-
tive decays for cð2SÞ and c2ð1PÞ ! K0SK (denoted
by ‘‘–’’ in Table I) is negligible.


























) represent the peaking-background-
subtracted cðnSÞ yield (the efficiency) for the
KþKþ0 and K0SK
 channels, respectively.
The efficiencies are parametrized using MCT events. The
K0SK
 efficiency is parametrized as a two-dimensional
histogram of the invariant K mass versus the angle
between the direction of the Kþ in the K rest frame
and that of the K system in the K0SK
 reference
frame. The KþKþ0 efficiency is parametrized as
a function of the KþK, þ, and þ0 (3)
masses, and the five angular variables, cosK, cos, ,
cos, and , as defined in Fig. 3; K is the angle
between the Kþ and the 3 recoil direction in the KþK
rest frame. The angles and describe the orientation of
the normal n̂ to the 3 decay plane with respect to the
KþK recoil direction in the 3 rest frame;  is the angle
describing a rotation of the 3 system about its decay
plane normal;  is the angle between the 
þ and 
directions in the 3 reference frame. The correlations
between cosK, , , and  and the invariant masses
are negligible. The correlation between cos andm is
0:70 and is not considered in the efficiency parametriza-
tion. Neglecting such a correlation introduces a change in
the efficiency of 1.4% (1.1%) for the cð1SÞ (cð2SÞ),
which is taken as a systematic uncertainty. The efficiency
dependence on cosK, cos, and  ( cos and ) is
parametrized using uncorrelated fourth (second)-order
polynomial shapes. A three-dimensional histogram is
TABLE I. Extraction of event yields and mass and width of the cð1SÞ and cð2SÞ resonances: average signal efficiency for phase-
space MCTevents, corrected signal yield with statistical and systematic uncertainties, number of peaking-background events estimated
with the pT fit (Npeak), number of peaking-background events from J=c and c ð2SÞ radiative decays (Nc ), significance (including the
systematic uncertainty), corrected mass, and fitted width for each decay mode. We do not report Nc for modes where it is negligible.
Decay Efficiency Corrected Npeak Nc Significance Corrected Fitted
Mode (%) Yield (Evts.) (Evts.) (Evts.) ðÞ Mass (MeV=c2) Width (MeV)
cð1SÞ ! K0SK 10.7 12096 235 274 189 18 214 82 33.5 2982:5 0:4 1:4 32:1 1:1 1:3
c2ð1PÞ ! K0SK 13.1 126 37 14 45 11 – 3.2 3556.2 (fixed) 2 (fixed)
cð2SÞ ! K0SK 13.3 624 72 34 25 5 – 7.8 3638:5 1:5 0:8 13:4 4:6 3:2
cð1SÞ ! KþKþ0 4.2 11132 430 442 118 32 26 9 18.1 2984:5 0:8 3:1 36:2 2:8 3:0
c0ð1PÞ ! KþKþ0 5.6 1094 143 143 39 19 75 21 5.4 3415.8 (fixed) 10.2 (fixed)
c2ð1PÞ ! KþKþ0 5.8 1250 118 290 14 24 233 73 4.0 3556.2 (fixed) 2 (fixed)
cð2SÞ ! KþKþ0 5.9 1201 133 185 46 17 – 5.3 3640:5 3:2 2:5 13.4 (fixed)
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used to parametrize the dependence on the invariant
masses. The efficiency is calculated as the ratio of the
number of MCT events surviving the selection to the
number of generated events in each bin, in both channels.
We assign null efficiency to bins with less than 10 recon-
structed events. The fraction of data falling in these bins is
0.5% (3.0%) in the K0SK
 (KþKþ0) channel.
We assign a systematic uncertainty to cover this effect. The
average efficiency  for each decay, computed using flat
phase-space simulation, is reported in Table I.
The ratio Nf =

f of Eq. (1) is equal to N

f =ðf  f Þ,
where we have defined f ¼ f = f . The value ofNf =f
is extracted from an unbinned maximum likelihood fit to
the K0SK
 and KþKþ0 invariant mass distribu-
tions, where each event is weighted by the inverse of f .
We use 

f instead of 

f to weight the events since weights
far from one might result in incorrect errors for the signal
yield obtained in the maximum likelihood fit [20]. Since
the kinematics of peaking-background events are similar to
those of the signal, we assume the signal to peaking-
background ratio to be unaffected by the weighting tech-
nique. The fit is performed independently in the cð1SÞ
(½2:5; 3:3 MeV=c2) and cð2SÞ (½3:2; 3:9 MeV=c2) mass
regions. The mass and width for each signal PDF are fixed
to the values reported in Table I. The free parameters of the
fit are the yields of the background and the signal reso-
nances, the mean and the width of the Gaussian describing
the J=c background, and the background shape parame-
ters. We compute a 2 using the total fit function and the
binned K0SK
 (KþKþ0) mass distribution ob-
tained after weighting. The values of 2=ndf are 1.16
(1.15) and 1.20 (1.00) in the cð1SÞ and cð2SÞ mass
regions, in the K0SK
 (KþKþ0) channel.
Several sources contribute to systematic uncertainties on
the resonance yields and parameters. Systematic uncertain-
ties due to PDF parametrization and fixed parameters in the
fit are estimated to be the sum in quadrature of the changes
observed when repeating the fit after varying the fixed
parameters by 1 standard deviation (). The uncertainty
associated with the peaking background is taken to beffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmax½0; NpeakÞ2 þ 2Npeak
q
, where Npeak is the estimated
number of peaking-background events reported in
Table I, and Npeak is its uncertainty. The systematic errors
on the c0;2ð1PÞ yields are taken to beffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmax½0; NpeakÞ2 þ 2Npeak þ N2c þ 2Nc
q
, where Nc is the
number of peaking-background events from the c ð2SÞ !
c0;2ð1PÞ processes. The uncertainty on Npeak due to
differences in signal and ISR background pT distribution
is estimated by adding an ISR background component to
the fit to the pT yield distribution described above. The ISR
background pT shape is taken from MC simulation and its
yield is fixed to Nc . This uncertainty is found to be
negligible. We take the systematic error due to the J=c !
cð1SÞ peaking-background subtraction to be the uncer-
tainty on the estimated number of events originating from
this process. We assign an uncertainty due to the back-
ground shape, taking the changes in results observed when
using a sixth-order polynomial as the background PDF in
the fit.
An ISR-enriched sample is obtained by reversing the
M2miss selection criterion. The ISR-enriched sample is
fitted to obtain the shift M between the measured and
the nominal J=c mass [5], and the difference in mass
resolution between MC and data. The corrected masses in
Table I are mcorr ¼ mfit  M, where mfit is the mass
determined by the fit. The mass shift is 0:5
0:2 MeV=c2 in K0SK
 and 1:1 0:8 MeV=c2 in
KþKþ0. We assign the statistical error on M
as a systematic uncertainty on mcorr. The difference in
mass resolution is ð24 5Þ% in K0SK and ð9 5Þ%
in KþKþ0. We take the difference in fit results
observed when including this correction in the cð1SÞ,
c0ð1PÞ, c2ð1PÞ, and cð2SÞ resolution functions as the
systematic uncertainty due to the mass-resolution differ-
ence between data and MC. A systematic uncertainty on
the mass accounts for the different kinematics of two-
photon signal and ISR J=c events.
The distortion of the resolution function due to differ-
ences between the invariant mass distributions of the decay
products in data and MC produces negligible changes in
the results. We take as systematic uncertainty the changes
in the resonance parameters observed by including in the fit
the effect of the efficiency dependence on the invariant
mass and on the decay dynamics. The effect of the inter-
ference of the cð1SÞ signal with a possible JPC ¼ 0þ
contribution in the  background is considered. We
model the mass distribution of the JPC ¼ 0þ background
component with the PDF describing combinatorial back-
ground. The changes in the fitted signal yields are negli-
gible. The changes of the values of the cð1SÞ mass
and width with respect to the nominal results are
FIG. 3. Angles used to describe the KþKþ0 decay
kinematics.
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þ1:2 MeV=c2 and þ0:2 MeV for K0SK, and
þ2:9 MeV=c2 and þ0:6 MeV for KþKþ0. We
take these changes as estimates of the systematic uncer-
tainty due to interference. The effect of the interference on
the cð2SÞ parameter values cannot be determined due to
the small signal to background ratio and the smallness of
the signal sample. We therefore do not include any system-
atic uncertainty due to this effect for the cð2SÞ.
Systematic uncertainties on the efficiency due to track-
ing (0.2% per track), K0S reconstruction (1.7%), 
0 recon-
struction (3.0%) and PID (0.5% per track) are obtained
from auxiliary studies. The statistical uncertainty of the
efficiency parametrization is estimated with simulated pa-
rametrized experiments. In each experiment, the efficiency
in each histogram bin and the coefficients of the functions
describing the dependence on cosK, cos, cos, 
and  are varied within their statistical uncertainties. We
take as systematic uncertainty the width of the resulting
yield distribution. The fit bias is negligible. The small
impact of the presence of events falling in bins with zero
efficiency is accounted for as an additional systematic
uncertainty.
Using the efficiency-weighted yields of the cð1SÞ and
cð2SÞ resonances, the number of peaking-background
events, and BðK0S ! þÞ ¼ ð69:20 0:05Þ% [5], we
find the branching fraction ratios
Bðcð1SÞ !KþKþ0Þ
Bðcð1SÞ !K0SKÞ
¼ 1:43 0:05 0:21; (2)
Bðcð2SÞ !KþKþ0Þ
Bðcð2SÞ !K0SKÞ
¼ 2:2 0:5 0:5; (3)
where the first error is statistical and the second is system-
atic. The uncertainty in the efficiency parametrization
is the main contribution to the systematic uncertainties
and is equal to 0.17 and 0.3, in Eqs. (2) and (3), respec-
tively. Using Eqs. (2) and (3), Bðcð1SÞ ! K KÞ ¼
ð7:0 1:2Þ% andBðcð2SÞ ! K KÞ ¼ ð1:9 1:2Þ% [5],
and isospin relations, we obtain Bðcð1SÞ !
KþKþ0Þ ¼ ð3:3 0:8Þ%, and Bðcð2SÞ !
KþKþ0Þ ¼ ð1:4 1:0Þ%, where we have
summed in quadrature the statistical and systematic errors.
For each resonance and each final state, we compute
the product between the two-photon coupling  and the
resonance branching fraction B to the final state, using
473:8 fb1 of data collected near the ð4SÞ energy. The
efficiency-weighted yields for the resonances, and the
integrated luminosity near the ð4SÞ energy are used to
obtain  B with the GamGam generator [13]. The
mass and width of the resonances are fixed to the values
reported in Table I. The uncertainties on the luminosity
(1.1%) and on the GamGam calculation (3%) [13] are
included in the systematic uncertainty of  B. For
the K0SK
 decay mode, we give the results for the
isospin-related K K final state, taking into account
BðK0S ! þÞ ¼ ð69:20 0:05Þ% [5] and isospin rela-
tions. For the c2ð2PÞ, we compute  B using the
fitted c2ð2PÞ yield, the integrated luminosity near the
ð4SÞ energy, and the average detection efficiency for
the relevant process. The average detection efficiency
is equal to 13.9% and 6.4% for the K0SK
 and
KþKþ0 modes, respectively. The mass and width
of the c2ð2PÞ resonance are fixed to the values reported in
[13]. Since no significant c2ð2PÞ signal is observed, we
determine a Bayesian upper limit (UL) at 90% confidence
level (CL) on  B, assuming a uniform prior proba-
bility distribution. We compute the UL by finding the value
of  B below which lies 90% of the total of the
likelihood integral in the ð BÞ 	 0 region.
Systematic uncertainties are taken into account in the UL
calculation. Results for  B for each resonance and
final state are reported in Table II. The cð1SÞ ! K K
measurement is consistent with, but slightly more precise
than, the PDG value [5]; the other entries are first
measurements.
In conclusion, we report the first observation of cð1SÞ,
c0ð1PÞ and cð2SÞ decays to KþKþ0, with sig-
nificances (including systematic uncertainties) of 18,
5:4 and 5:3, respectively. This is the first observation
of an exclusive hadronic decay of cð2SÞ other than K K.
We also report the first evidence of c2ð1PÞ decays to
KþKþ0, with a significance (including systematic
uncertainties) of 4:0, and have obtained first measure-
ments of the c0ð1PÞ and c2ð1PÞ branching fractions to
KþKþ0. The measurements reported in this paper
are consistent with previous BABAR results [3,18], and
with world-average values [5]. The measurement of the
cð2SÞ mass and width in the the K0SK decay super-
sedes the previous BABARmeasurement [3]. The measure-
ment of the cð1SÞ mass and width in the K0SK decay
does not supersede the previous BABARmeasurement [18].
The value of  B is measured for each observed
resonance for both K K and KþKþ0 decay
TABLE II. Results for  B for each resonance in K K
and KþKþ0 final states. The first uncertainty is statis-
tical, the second systematic. Upper limits are computed at 90%
confidence level.
Process  B (keV)
cð1SÞ ! K K 0:386 0:008 0:021
c2ð1PÞ ! K K ð1:8 0:5 0:2Þ  103
cð2SÞ ! K K 0:041 0:004 0:006
c2ð2PÞ ! K K <2:1 103
cð1SÞ ! KþKþ0 0:190 0:006 0:028
c0ð1PÞ ! KþKþ0 0:026 0:004 0:004
c2ð1PÞ ! KþKþ0 ð6:5 0:9 1:5Þ  103
cð2SÞ ! KþKþ0 0:030 0:006 0:005
c2ð2PÞ ! KþKþ0 <3:4 103
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modes. We provide an UL at 90% CL on  B for the
c2ð2PÞ resonance.
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